We studied the consequences of the Nav1.4 mutation R1448H that is situated in the fourth voltage sensor of the channel and causes paramyotonia, a cold-induced myotonia followed by weakness. Previous work showed that the mutation uncouples inactivation from activation. We measured whole-cell Na + currents at 10, 15, 20, and 25°C using HEK293 cells stably transfected with wildtype (WT) and R1448H Na + channels. A Markov model was developed the parameters of which reproduced the data measured on WT and R1448H channels in the whole voltage and temperature range. It required an additional transient inactivated state and an additional closed-state inactivation transition not previously described. The model was used to predict single-channel properties, free energy barriers and temperature dependence of rates. It allowed us to draw the following conclusions: i) open-state inactivation results from a two-step process; ii) the channel re-openings that cause paramyotonia originate from enhanced deactivation/reactivation and not from destabilized inactivation; iii) the closed-state inactivation of R1448H is strikingly enhanced. We assume that latter explains the episodic weakness following cold-induced myotonia.
Introduction
Paramyotonia congenita (PC) is characterized by muscle stiffness provoked by exposure to cold and particularly by exercise in cold environment (1) . During deep cooling the myotonia disappears and gives way to flaccid paralysis which may last several hours. Causative mutations are in the skeletal muscle sodium channel Nav1. 4 . Investigations of the biophysical alterations in channel gating due to PC mutations has revealed several gating defects consistent with membrane hyperexcitability. Mutant channels inactivate more slowly and with less voltage dependence than WT channels, deactivate more slowly, and exhibit a more rapid rate of recovery from fast inactivation (2) . The very frequently occurring R1448H mutation which affects the outermost amino acid of the transmembrane segment S4 of domain DIV has been attributed to an uncoupling of fast inactivation from activation (3) .
Voltage-gated Na + channels are essential for the generation of action potentials. They consist of four homologous domains (DI to DIV) which each contain six transmembrane segments (S1 to S6). At depolarization, the S4 segments, which contain several positive amino acid residues and therefore function as voltage sensors, can move outwardly and thereby alter channel confirmation and function. Different charge contents of the various S4 segments suggest that the charges have domain-specific functions. While S4 of DI and DII are thought to play a prominent role in Na + channel activation, S4 of DIII and DIV regulate fast inactivation (4) . Finally, the pore with its selectivity filter is lined by the loops between S5 and S6 and the S5 and S6 segments itself. Na + channel activation is a multi-step process which is usually implemented as a series of closed states leading to one or more open states. Generally, the distributions of single-channel open times follow a single exponential (5) . Inactivation is coupled to activation (6) . The voltage dependence of inactivation is supported by a significant gating current during fast inactivation (7) and can be used to describe voltage dependence of channel reopening and mean open times (8) . The time course of fast inactivation is reported to be single-exponential as well as double-exponential which is either implemented as two open states (9) or by a two-step inactivation process (10) . After reaching the fast inactivated state, Na + channels do not go immediately back to the closed states, repolarization of the membrane is necessary to initiate recovery.
To account for recovery from fast inactivation, which is not occurring by re-entering the open state (11) , models were expanded with transitions between inactivated and closed states (12) . As inactivation occurs from open as well as from closed states, and recovery from fast inactivation develops with a delay (13) , multiple inactivation states are assumed.
Since low temperature is the trigger for paramyotonia, temperature effects have been studied and shown to affect both the kinetic and steady-state parameters of Nav1.4 WT and R1448H channels. This is not surprising, given that each of the voltage-dependent gating steps is likely to involve different conformational changes in the channel and so require the breaking and/ or forming of chemical bonds with different energies. However, data obtained at room temperature cannot be extrapolated to physiological temperatures using a single temperature scaling factor. Therefore measurements in a wide temperature range and a suitable gating model which is valid in a large potential and temperature range are required to study R1448H. In the present study, we characterized the gating of Nav1.4 WT and R1448H mutant channels with the whole-cell configuration of the patch-clamp technique between 5 and 30 °C. Also, we determined parameters of a Markov model which was able to fit the measurements at all potentials and temperatures. The model was then used to predict gating currents and single-channel properties.
Materials and methods

Na
+ channel expression WT and mutant (R1448H) α-subunit constructs of human skeletal muscle Na + channels were assembled in the mammalian expression vector pRC/C MV and transfected into human embryonic kidney cells (HEK 293) by the calcium phosphate precipitation method. Since transient expression was low (< 10%) stable cell lines were obtained by antibiotic selection as previously described (14) .
Recording techniques
Whole-cell currents were recorded using an Axopatch 200A patch-clamp amplifier (Molecular Devices, USA). Signal acquisition and processing was done using the DigiData card (1200) and pCLAMP (V6) software (Molecular Devices, USA). Whole-cell currents were filtered at 10 kHz, and digitized at 10 or 20 μs. Patch pipettes were pulled on a Zeitz Puller (Zeitz Instruments, Martinsried, Germany). Pipette resistance ranged from 0.8 to 1.2 MΩ. The extracellular recording solution was (in mM): 150 NaCl, 2 KCl, 1.5 CaCl 2 , 1 MgCl 2 and 10 HEPES, titrated to pH 7.4 with NaOH. The pipette solution was (in mM): 105 CsF, 35 NaCl, 10 EGTA and 10 HEPES, titrated to pH 7.4 with CsOH. After achieving the whole-cell configuration, cells were held for 10 min at -120 mV to ensure proper diffusion of the pipette solution into the cell and to stabilize of the Na + current amplitude. Recording temperature was maintained between 5 and 30°C by a Peltier device and a HC-100A temperature controller (Dagan, USA). To avoid evaporation at high temperatures and dilution by condensation at low temperatures, the bath solution was continuously exchanged by a gravity driven perfusion system.
Electrophysiological protocols and data analysis
Voltage dependence of activation was obtained by a series of 50 ms depolarizing pulses from a holding potential of -140 mV ranging from -85 to 55 mV and steadystate fast inactivation was obtained by 200 ms conditioning pulses from -150 to -45 mV from a holding potential of -140 mV followed by a test pulse to -15 mV. Activation and steady-state fast inactivation curves were fit with standard Boltzmann function as previously described (15) . Time constants of fast inactivation were obtained by fitting double-exponential functions to the decaying part of the current traces obtained with the activation protocol. Because the fast component accounted for > 90% of the current amplitude, macroscopic inactivation of the Na + current was quantified by the fast component only. Time course of entry into fast inactivation (closed-inactivation) was obtained by a double pulse protocol. From a holding potential of -140 mV a conditioning pulse V cond (-100, -90, -80, -70 mV) for increasing durations (from 0.1 to 300 ms) was applied in order to inactivate Na + channels without opening. The conditioning pulse was followed by a test pulse to -15 mV to determine the fraction of non-inactivated channels. Time course of entry into fast inactivation was obtained by fitting a single exponential function to the normalized curve. Recovery from fast inactivation was determined by a double pulse protocol. A 150 ms pulse to -15 mV was used to inactivate all Na + channels. A test pulse to -15 mV followed after an increasing interval (from 0.025 to 250 ms) at the recovery potential (-140, -120 and -100 mV). Time course of recovery from fast inactivation was obtained by fitting single/double exponential function to the normalized curve.
Curve fits and data analysis were performed with pCLAMP 8.0 (Molecular Devices), Excel (Microsoft, Inc. Redmond, WA), and Origin (MICROCAL Software, Inc., Northhampton, MA). Differences from WT and mutant were considered as significant at p < 0.05 (Student's t-test). Grouped data are presented as mean ± SEM. SEM is represented in graphs as bars when in exceeds the size of the symbol. (5) and can be used to determine ΔH and ΔS. Rate constants were used to calculate single channel properties. If a channel opens, the number of openings before inactivation follows a geometric distribution (18) , the mean of which may be calculated from the model's rate constants (6) The mean open time of single channels of the model was estimated by the reciprocal sum of the rates leaving the open state (7) To test the hypothesis of an increased probability of O→C 4 →I 2 transitions, the steady-state probability was calculated by (8) It is very likely that there are variations in basic properties of channel population from cell to cell, and this variation may mimic the real variation seen in native preparations. For this reason all fits and simulations were done by using data of individual cells and results were pooled afterwards.
Results
Whole-cell currents
At all temperatures activation kinetics and sodium currents decay were slower for R1448H than for WT (Fig. 1A) . Cooling from 30°C to 10°C slowed kinetics ~10-fold and reduced peak current amplitudes to a quarter for both WT and mutant channels (Fig. 1B) . In contrast, cooling increased the total sodium influx into the cell by different amounts: at 10°C in relation to 30°C, the area under the curve was multiplied by a factor of two for WT and by a factor of four for R1448H (Fig. 1C) .
Steady-state activation curves were almost identical for WT and R1448H regardless of temperature ( Fig. 2A , Table 1 ). Cooling decreased activation slope factor from ~-7mV to ~-10mV and potentials at half maximal activation were shifted by ~+8 mV to the right for WT
Sodium channel gating model
Recordings from activation, steady-state fast inactivation, entry into closed-state inactivation and recovery from fast inactivation were simultaneously fit to a gating model using an advanced version of IonFit software (16) . Model parameters were optimized using the least squares method. Ionic currents were simulated by solving master equations of a continuous-time Markov process, (1), whereby P i (t) denotes the population of state i at a given time t, and r ij (V) denotes the rate constant for the transition from state i to j. The voltage dependent forward r ij (V) and backward r ji (V) transition rates between state i and j were assumed to be single-exponential functions of voltage (17), (2), (3) whereby zxr ij and zxr ji represent the effective charge moving from an original state to the barrier peak, as a product of the total charge moved and the fraction of the electric field where the barrier peak was located. r i ' j and r j ' i represent the rate constants at 0 mV, including enthalpic and entropic factors. F represents the Faraday constant, R the ideal gas constant, V the membrane potential and T the absolute temperature. The initial state populations were determined as a steady-state solution of Eq. 1 at a holding potential V hold with dP i (t)/dt=0. For steady-state fast inactivation curve, recovery from fast inactivation and entry into fast inaction, currents were simulated according to the pulse protocols and the respective current peak amplitudes were determined. Data sets used to determine model parameters consisted of six current traces for test pulses of -40 to 10 mV, the steady state inactivation curve between -160 and -45 mV, time course of entry into fast inactivation at four different prepulse potentials (-100 to -70 mV) and time course of recovery from fast inactivation at three different recovery potentials (-140 to -100 mV).
To describe the energy profile, the rate constants in Eq. 2 and Eq. 3 were written with explicit entropic ΔS and enthalpic ΔH terms. The voltage independent parts are equal to the pre-factors r i ' j and r j ' i , (4) in time constants was especially prominent in the voltage range of -60 to -30 mV and markedly increased with cooling. Cooling slowed fast inactivation of WT and R1448H at all voltages tested and shifted the point of intersection of WT and R1448H curves to more negative potentials. and R1448H alike. Rise time of activation at 0 mV and higher was significantly increased in R1448H compared to WT (p ≤ 0.05, Fig. 2B ). Steady-state inactivation differed significantly (p = 0.05) for the mutant as well: R1448H curves were significantly shifted to the left by ~6 mV and revealed an increase of slope factor by ~4 mV (Fig. 2A, C, D, Table 1 ). Since deactivation cannot be measured at room temperature, we cooled to 15°C, 10°C and 5°C to resolve sufficient data points for a fit. Deactivation time course was almost indistinguishable for mutant and WT except for the near-threshold voltage of -70 mV (Fig. 2E) .
For threshold-near potentials, the time constants of fast inactivation T h form the open state were smaller for R1448H than WT while at more depolarized potentials, they were larger than for WT (Fig. 3: OSI) . The difference Additionally, R1448H reduced voltage dependence of T h for all temperatures tested.
R1448H accelerated entry into closed-state inactivation (CSI) by about two-fold on average (Fig. 3 : CSI, Table 2). The left-shift of the steady-state inactivation curve may explain this enhanced closed-state inactivation. The mutation reduced its voltage dependence, possibly by the removed S4 charge, and slowed the open-state inactivation. Finally, R1448H showed a tendency to recover more rapidly without reaching significant levels ( Fig. 3 : recovery, Table 3 ). However, neither the delay in onset to recovery nor its voltage and temperature dependence were altered by R1448H.
Gating model
The gating model used in the present study consisted of a series of four closed states C 1 -C 4 , one open state O and four inactivated states I 1 -I 3 and I T (Fig. 4) . By convention, all transitions towards O have positive valences because they are favored by depolarization, while those away from O have negative valences because they are favored by repolarization. Rate constants between the closed states and rate constants between C 3 -C 4 -O and I 1 -I 2 -I 3 were assumed to be equal to reduce the number of free parameters. The model is based on previous models of Vandenberg and Bezanilla (19) . However, to properly describe gating of WT and R1448H and their temperature dependence, two modifications were made. First, we introduced a transient inactivated state I T as previously suggested by Kahlig et al. (10) to account for the biphasic inactivation especially at low temperatures. Second, we introduced a transition between C 4 and I 2 . This transition was essential to reproduce inactivation from closed states especially in the voltage range around threshold of Na + channels. The model was able to reproduce all measurements including the strong voltage dependence of channel activation, open and closed state inactivation, recovery and temperature dependence (Fig. 5) . The model resulted in rate constants of WT and R1448H which were similar for most transitions (Tables 4 and 5 ). However the rate constants alpha3, beta3 and alpha6 markedly differed between WT and R1448H. The smaller alpha6 explains the impaired fast inactivation of R1448H. The most striking difference between WT and mutant related to alpha3 and beta3, the transition between C4 and I2. In contrast to the WT for which the calculated rate constants suggest that this transition does not occur, the mu- Table 2 . Time constants of entry into fast inactivation.
* indicates a significant difference between WT and R1448H at the same temperature, † indicates a significant difference between 10, 20 and 30°C, (p < 0:05). Table 3 . Time constants of recovery from fast inactivation. Table S6 ). Most of the charge movement in the activation pathway was concentrated in the last transition (C4-O) 2.58 ± 0.06 to 3.06 ± 0.04 e0 for WT and 2.53 ± 0.05 to 2.98 ± 0.09 e0 for mutant. We interpret this finding so that this transition may represent several steps in one the final of which may really be voltage-independent. In general, effective charge movement for transitions from inactivated to closed states during recovery were notably larger compared to their respective forward rates during closed-state inactivation accounting for the strong voltage dependence of recovery from inactivation. For the mutant the equivalent gating charge movement during recovery was smaller than for WT leading to reduced voltage dependence. About 50% of total gating charge of WT and 40% of charge for the mutant was immobilized by fast inactivation.
Free energy barriers
The energy changes involved in the transitions between the closed-states (C1−C2−C3−C4) and the paraltant performed this closed-state inactivation transition with a high likelihood.
Effective charge movement increased with temperature for all transitions in both WT and R1448H by about (Table 7 ). This result suggests that the opening step corresponds to a reorganization of the channel with a decrease in the degrees of freedom of the molecule giving a more ordered system in the open state. While the energy barrier for O-I T was increased by 5% in the mutant (Fig. 6, left) , the one for C4−I2 was reduced down to 50%, 50 vs. 95 kJ/mol, confirming the facilitated transitions between C4 and I2 due to strikingly increased alpha3, i.e. meaning enhanced closed-state inactivation for R1448H (Fig. 6, right) .
Single-channel behavior
Our finding that entry into rapid inactivation of R1448H was faster than for WT at threshold-near potentials (Fig. 3) was interpreted as tendency of R1448H channels to deactivate and inactivate through closed states. To further prove this hypothesis, the probability of transitions from O to I2 was modeled and it is obvious that this transition occurs in R1448H and not in WT (Fig. 7) . Cooling shows a clear increase in the probability for this transition as expected from the whole-cell current data at lower temperatures.
The model's rate constants were used to calculate single-channel properties to determine whether the slowing of the current decay observed for R1448H can arise from longer open times or an increased number of openings. The estimated mean open times were up to 4-fold longer for R1448H than for WT. Cooling increased the mean open time of both R1448H and WT channels (Fig. 8 top) . The bell-shaped curves showed open-time maxima between -50 and 0 mV. To the left of the maximum, the mean open time was dominated by the rate beta2 and to the right of the maximum by alpha6. This means that Na + channels open and close several times before they finally enter the inactivated state. Importantly the calculated number of openings was ~20% greater for R1448H than for WT (Fig. 8 bottom) . Cooling reduced the number of re-openings for both WT and R1448H. In summary the slowed decay of whole-cell currents (Fig. 1) is due to an increase in open times which are further increased by cooling. The rate constants and the transition probabilities showed that the increased num- Table 7 . Parameters of the energy barriers.
DH (kJ /mol) and DS (J /Kmol) values were obtained by fitting Eq. 4 and Eq. 5 to α′i and β′i (i=1..6) values. TDS20 (kJ /mol) was calculated for 20°C. DG10 and DG25 (kJ /mol) were calculated using DG = DH − TDS for 10°C and 25°C respectively. Values are fit values ± SEM. ber of R1448H openings is due to re-openings from the closed state C 4 and not from the inactivated states. As the mutant channel shows the minimum of the energy landscape for I3, the channels reach this state by the C4-I2 pathway instead of by IT. Mutant channels go along the O→C4→I2→I3 pathway.
Discussion
Our whole-cell data confirms previous studies in so far as R1448H slows open-state inactivation and shifts steadystate rapid inactivation to more negative potentials (3, (20) (21) (22) and that the seemingly temperature sensitivity in paramyotonia is a result of channel kinetics which are already slowed in the warmth and undergo a normal slowing with cooling (23, 24) . Therefore, we assume that the required changes made to our model to best fit the data are not the result of our specific measurement or our set-up but rather reveal generally valid states and transitions.
The required introduction of the transient inactivated state IT into our model suggests that open-state inactivation may result from a two-step process. The two inactivation phases become more obvious at low temperatures whereas they cannot be temporally resolved at higher temperatures. A biphasic inactivation process is actually in agreement with the classical HH model and with previous single channel measurements (3) . We interpret the two phases to be linked to deactivation and inactivation. The required enabling of the C4 -I2 transition (which really occurs in the mutant only and not in WT) is mainly responsible for the channel re-openings of R1448H which are known to cause repetitive action potentials and paramyotonia. The transition rates and energy barriers of our model suggest that the re-openings originate from C4−O transitions and not from O−I transitions since the inactivation on-rate is reduced. This view is further evidenced by the enhanced inactivation from closed states, a slightly accelerated recovery from rapid inactivation, and the absence of a persistent current due to the limited number of re-openings by the increased rate of C 4 -I 2 transi- tions. The enhanced deactivation has been previously also deduced (3).
As found previously for R1448H but not R1448C (3), closed-state inactivation (CSI) is strikingly enhanced for the R1448H mutation. We assume this is due to a more outward positioned resting-state S4 because of the eliminated positive charge at residue 1448 similar to calcium channel mutations (16) . The enhanced CSI can explain the transition from myotonia to flaccid muscle weakness. Since R1448H impairs the movement of the voltage sensor, the receptor for the inactivation gate is more readily available for voltages around the activation threshold and less available for further depolarized voltages. The slowing of the rapid inactivation prolongs the duration of muscle action potentials as measured in vivo (25) , whereby the combination of repetitive activity and prolonged duration of each action potential leads to a cold-induced depolarization and thus intracellular Na + accumulation that can even be detected by 23 Na magnetic resonance tomography in vivo (26, 27) .
